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tivity of graphene nanoribbons
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Graphene is an attractive candidate for developing high conductivity materials (HCMs) owing to an

extraordinary charge mobility. While graphene itself is a semi-metal with an inherently low carrier

density, and methods used for increasing carrier density normally also cause a marked decrease in

charge mobility. Here, we report that ordered nitrogen doping can induce a pronounced increase in

carrier density but does not harm the high charge mobility of graphene nanoribbons (GNRs), giving rise

to an unprecedented ultrahigh conductivity in the system. Our first-principles calculations for orderly N-

doped GNRs (referred to as C5N-GNRs) show that N-doping causes a significant shift-up of the Fermi

level (DEF), resulting in the presence of multiple partially-filled energy bands (PFEDs) that primarily

increase the carrier density of system. Notably, the PFEDs are delocalized well with integral and

quantized transmissions, suggesting a negligible effect from N-doping on the charge mobility. Moreover,

the PFEDs can cross the EF multiple times as the ribbon widens, causing the conductivity to increase

monotonically and reach ultrahigh values (>15G0) in sub-5 nm wide ribbons with either armchair or

zigzag edges. Furthermore, a simple linear relationship between the doing concentration and the DEF
was obtained, which provides a robust means for controlling the conductivity of C5N-GNRs. Our findings

should be useful for understanding the effect of ordered atomic doping on the conductivity of graphene

and may open new avenues for realizing graphene-based HCMs.
Introduction

For many applications in electronics1 such as eld-effect tran-
sistors,2 nano-electrodes,3 nano-wires,4 nano-circuits,5 printable
conductors,6,7 and rechargeable batteries,8 high conductivity
materials (HCMs) are fundamentally required and play impor-
tant roles in determining their performance.9

Recent advances in synthetic approaches have allowed the
use of nanometals to develop HCMs,10,11 and a high conductivity
up to 105 S cm�1 has been achieved in hybrids of silver nano-
particle-nanowires.12 Conjugated polymers have also been
proposed for HCMs owing to their conductive p electrons,13 and
a high conductivity of 1400 S cm�1 has been achieved in recent
experiments.14 Moreover, ionogels,15 self-healing hydrogels,16
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and metal–organic frameworks (MOFs)17 have also been
proposed for HCMs, and a high conductivity of 40 S cm�1 has
been obtained in experiments.18 However, most of the prepared
HCMs are composites or hybrids with quite complex structures,
making dened structure–conductivity relationships difficult to
determine which is disadvantageous for the further develop-
ment of HCMs.19,20

Graphene has a simple structure and an extraordinary
charge mobility,21 thus it has long been considered as a very
attractive candidate for HCMs,22,23 and a high conductivity of
104 S m�1 for graphene pastes formed on polyimide substrate
was obtained recently.24 Although the structure–conductivity
relationship is yet to be dened due to the complex structure of
these graphene-based materials, the development of graphene-
based HCMs is expected. HCMs require both a high carrier
density and a high charge mobility. But these characteristics are
like two sides of a coin; very difficult to be obtained in a single
material.11 Actually, graphene itself is semi-metallic with an
inherently low carrier density.21 It is proved that an electric
gating effect is a very effective and efficient way to tune the
chemical potential and thus the carrier density of graphene.
Without using gates, atomic doping is also an efficient
approach to tune the chemical potential and thus the carrier
density of graphene.25 Among the common atomic boron (B),
nitrogen (N), oxygen (O), and sulfur (S) doping approaches,26,27
Nanoscale Adv., 2019, 1, 4359–4364 | 4359
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N-doping28 is particularly powerful because it introduces
impressive additive properties into graphene.29–32 While, N
atoms usually distribute in the graphene network randomly
with various N-species, they can act as scattering centres that
lead to conductance uctuation and substantially restrict the
conductivity.25,33

Very recently, orderly N-doped graphene was suggested to
grow on Cu(111) via self-assembly of C5NCl5 precursors.34 The
resultant C5N-graphene exhibits well-dened structures and
a high carrier density of 1014 cm�2. However, the ordered N-
doping impact on the carrier mobility of graphene and the
conductivity of C5N-graphene are not yet evaluated; both of
which are important for the development of graphene-based
HCMs through ordered atomic doping.

For actual applications in nanoelectronics, one needs to
reduce the size of graphene into the nanoscale. Sub-10 nm wide
graphene nanoribbons (GNRs) are semiconductors, which are
suitable for electronic nanodevices.35–39 Up to now, both the
edge well-dened GNRs28,40–44 and orderly N-doped GNRs45 are
achievable. Thus, obtaining orderly N-doped GNRs (referred to
as C5N-GNRs) via advanced fabrication techniques is expected,
and the C5N-GNRs offer a good platform to explore the effect of
ordered N-doping on the conductivity.

In this study, we demonstrate that ordered N-doping
increases the carrier density by inducing a considerable shi
of the Fermi level (EF) of GNRs, but does not impact signicantly
on their highmobility. Our rst principles results reveal that the
conductivity of C5N-GNRs can increase with increasing width

and can reach ultrahigh values (>15G0, G0 ¼ 2e2

h
) in sub-5 nm

wide ribbons. Moreover, a simple linear relationship between
the doping concentration and the DEF is obtained, which
provides a robust means for controlling the conductivity of C5N-
GNRs. Our ndings are useful in understanding the effect of
ordered atomic doping on the conductivity of graphene and will
open up new avenues for realizing graphene-based HCMS.
Fig. 1 Schematic presentation of the three kinds of edge structures of
C5N-AGNRs. (1) C–C, double C–C dimer lines, (2) C–C0, single C–C
dimer line, and (3) C–N, single C–N dimer line.
Models and methods

Geometry optimizations and electronic structure calculations
were performed using spin-polarized density functional theory
(DFT) as implemented in Vienna Ab initio Simulation Package
(VASP-5.3).46 The projector augmented wave (PAW) pseudo-
potential was used to describe the core electrons, and
a 500 eV cut-off energy was utilized for the valence electrons.
The revised Perdew–Burke–Ernzerhof (rPBE) generalized
gradient approximation (GGA)47 was chosen for the exchange
correlation potential. A vacuum layer distance of 10 Å along x
and y directions was used to eliminate interactions between
neighboured ribbons. The k-mesh of 1 � 1 � 11 and 1 � 1 � 23
were adopted to sample the Brillouin zone (BZ) for geometry
optimizations and band structure calculations. The optimiza-
tion did not stop until the residual force on each atom was
smaller than 0.002 eV Å�1.

Electronic transport properties were examined by adopting
the nonequilibrium Green’s function method in combination
with density functional theory (NEGF-DFT), as implemented in
4360 | Nanoscale Adv., 2019, 1, 4359–4364
SIESTA 4.2,48 by choosing double-z plus polarization functions
(DZP) basis set for valence electrons, norm-conserving pseu-
dopotentials for core electrons. During the calculations, a 150
Ry cut-off energy was set for real space grids, an energy shi
parameter of 0.01 Ry was used to determine the cut-off radii of
atomic orbitals, and a k-mesh of 1 � 1 � 100 was adopted for
achieving the balance between calculated efficiency and accu-
racy. As an example, the constructed transport device model of
the type 1–1 C5N-AGNR with width m ¼ 2 is given in Fig. S1.†
Results and discussion
The edge structures of C5N-GNRs

Pristine GNRs have two types of edge structures.35,36 Armchair-
edged GNRs (AGNRs) are nonmagnetic (NM) and can be clas-
sied into three families depending on their widths (W ¼ 3m,
3m + 1, and 3m + 2), whereas zigzag-edged GNRs (ZGNRs) are
spin-polarized with tempting antiferromagnetic (AFM) charac-
teristics. Thus, both armchair- and zigzag-edged C5N-GNRs
(C5N-AGNRs and C5N-ZGNRs) with different widths are
considered in this work.

We nd that C5N-ZGNRs have only one kind of edge struc-
ture, while C5N-AGNRs exhibit three kinds of edge structures,
which can be labelled as 1: C–C, 2: C–C0, and 3: C–N, respec-
tively, as shown in Fig. 1. Hence, depending on the edge
structures, C5N-AGNRs can be classied into six types named as
1–1, 1–2, 1–3, 2–2, 2–3, and 3–3, respectively.
Ultrahigh conductivity in sub-5 nm wide C5N-AGNRs

We have calculated the zero-bias transmission T(E) of C5N-
AGNRs at the NM state. The obtained T(E) of type 1–1 C5N-
AGNRs is given in Fig. 2(a), and that of types 1–2, 1–3, 2–2, 2–
3, and 3–3 are given in Fig. S3–S7,† respectively.

One can immediately see that there does not exist any
transport gaps in each C5N-AGNRs, suggesting that the AGNRs
are uniformly transferred from semiconducting to metallic via
ordered N-doping. The intensities of T(E) are found to be integer
plateaux, just as the AGNRs with fully nitrogenized edges.4 It
should be noted that previous work has shown that T(E) of the
GNRs with disordered N-doping exhibit non-integral intensity
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Zero-bias transmission functions (T(E)) and conductivities (G).
(a) The T(E) of type 1–1 C5N-AGNRs with different widths (W), which
can be represented by integersm sinceW ¼ 3m + 2, (b) the calculated
conductivities of all six types of C5N-AGNRs as a function of width.

Fig. 3 The band structures of type 1–1 C5N-AGNRs with different
widths of m ¼ 2 to 9, plus the partial density of states (PDOSs) of the
ribbon with m ¼ 9.
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due to the disordered N-dopants acting as scattering centres,
which reduced the transmission possibilities.25,49 Hence, the
ordered N-doping does not introduce any localized states to
block transport channels around the EF, or in other words the
high carrier mobility of GNRs is not considerably impacted by
the ordered N-doping. Moreover, one can see that the intensity
of T(E) near the EF increases as the ribbon broadens, implying
that wider ribbons present more conductive channels. Clearly,
the orderly N-doped AGNRs exhibit much better transport
capacities than the disorderly N-doped ones.

To illustrate the transport capacities, we plotted the zero-bias
conductivity G of C5N-AGNRs in Fig. 2(b). One can see that each
C5N-AGNR possesses an integral multiple of quantized
conductivity. And as a whole, the conductivity exhibits a linear
growing trend with the ribbon width. It reaches a very high
value (10G0) when m ¼ 9. Especially for type 1–1, an ultrahigh
conductivity of 15G0 was achieved. Such high conductivities
have never been reported in other N-doped GNRs.4,25,49,50

Considering that type 1–1 C5N-AGNRs belongs to the family of
W ¼ 3m + 2, the ribbon with m ¼ 9 is only 3.58 nm in width,
which is particularly suitable for nanoelectronics. Moreover, the
linear growing trend implies that ultrahigh conductivities exist
uniformly in all types of C5N-AGNRs once their widths reach the
sub-5 nm level.

To gain insight into the uniformly ultrahigh conductivity,
we calculated the electronic structure of the six types of C5N-
AGNRs, and the result of type 1–1 is given in Fig. 3. It is
evident that each ribbon is metallic with some well-
delocalized partially-lled energy bands (PFEBs) crossing
the EF. Meanwhile, the typical band splitting around the
This journal is © The Royal Society of Chemistry 2019
Dirac point of pristine AGNRs is retained, and the center of
the split gap is located below the EF by �1 eV. It means that
the EF of pristine AGNRs has been shied up into the
conduction band (CB) region by the N-doping. The number of
PFEBs increased with ribbon widening. For example, the
number is 3 for m ¼ 2, and it reaches 12 for m ¼ 9. The 12
PFEBs run across the EF 15 times in total, some of them are
folded and cross the EF more than once, which directly results
in the ultrahigh conductivity of 15G0 as the carrier mobility is
not affected by the N-doping.

Previous experiments have shown that N-dopants in gra-
phene have an effective interaction force ranging up to 1.1 nm.30

The distance of neighboring N-dopants in a C5N-AGNR is only
4.26 Å, which ensures a strong interaction among N-dopants.
This leads to the formation of well-delocalized PFEBs, just
like the AGNRs with totally nitrogenized edges.4 Since a wider
AGNR usually has more sub-bands in the conduction band (CB)
region, a wider C5N-AGNR provides a higher density of states
near the Fermi level, via increasing the number of PFEBs and/or
enhancing the folding of PFEBs. In general, the fact that
ordered N-doping induces well-delocalized PFEBs and high
density of states around the Fermi level is the source of the
ultrahigh conductivity in sub-5 nm wide C5N-AGNRs.

To further understand the origins of PFEBs, we have added
the plot of partial density of states (PDOSs) for type 1–1 C5N-
AGNR with m ¼ 9 in Fig. 3. A sharp DOS peak with an inten-
sity of 13 mA presents right at the EF. A previous study has shown
an intensity of 3 mA in C5N-graphene,34 which is already much
higher than that of graphene and GNRs. Of note, is that C5N-
graphene exhibits only 2 PFEBs, but the narrow C5N-AGNR
with m ¼ 2 already has 3 PFEBs. This means that the high
conductivity of C5N-graphene is inherited and carried forward
in multiples in C5N-AGNRs, suggesting an advantage of C5N-
AGNRs for HCMs. Moreover, it shows that the N pz orbitals
distribute in a wide energy range, and the peak positions are
consistent with that of the C pz orbitals. This implies that the
redundant electrons of N atoms are fully integrated into the
ribbon via coupling with C pz orbitals, resulting in the presence
of multiple PFEBs in C5N-AGNRs. Since a well-delocalized PFEB
can contribute a unit conductivity, the C5N-AGNRs of multiple
well-delocalized PFEBs naturally own high conductivities.
Nanoscale Adv., 2019, 1, 4359–4364 | 4361
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Fig. 5 The scatter plot of the shift of Fermi level (DEF) as a function of
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Ultrahigh conductivity in sub-5 nm wide C5N-ZGNRs

Fig. 4(a) and (b) show the zero-bias conductivities and band
structures of C5N-ZGNRs with different widths (W), respec-
tively. One can see that the conductivities of C5N-ZGNRs also
show a growing trend with width broadening, and an ultra-
high conductivity of 15G0 is also achieved for the ribbon width
W ¼ 23 (about 4.90 nm in width). It is remarkable that there
exists only 2 PFEBs in the ribbon with W ¼ 6, 7, 8, and 9, just
like in the C5N-graphene, while the number of times the two
PFEBs cross the EF increases from 1 to 6 as the ribbon widens,
due to the shi-down of the sub-bands near the EF which
leads to the enhanced folding feature of the PFEBs. Even in
the wide C5N-ZGNR withW¼ 23, only 6 PFEBs are present, but
the folding feature makes them cross the EF 15 times in total,
giving rise to the high conductivity. Hence, it is safe to say that
ultrahigh conductivity is also achievable in sub-5 nm wide
C5N-ZGNRs.
doping concentration (c). Inset shows the relationship between doping
concentration (c) and the ribbon width.
Linear relationship between DEF and doping concentration

We have plotted DEF (DEF h EF(C5N-GNR) � EF(GNR)) as the func-
tion of the doping concentration (c) for all considered GNRs in
Fig. 5. From the inset, one can see that the type 1–3 and type 2–2
C5N-AGNRs and the C5N-ZGNRs possess a constant doping
concentration of 16.7%, just as in the C5N-graphene. While in
the other four types of C5N-AGNR, the doping concentration
either increases or decreases exponentially with increasing
width, and can ultimately converge to the value of 16.7%.

Overall, a simple relationship between DEF and doping
concentration (c) can be seen, which can be described by
a linear tting of DEF ¼ 9.23c � 0.24. It shows that the doping
concentration plays a decisive role in determining the DEF.
Signicant deviations appear only for narrow ribbons,
Fig. 4 (a) Zero-bias conductivities and (b) band structure of C5N-
ZGNRs with different widths (W) at the AFM ground state.

4362 | Nanoscale Adv., 2019, 1, 4359–4364
especially for the ribbons with m ¼ 2, due to strong quantum
connement which only exists in narrow ribbons.

Conclusions

In conclusion, we have systematically studied the electronic
structure and electron conductivity of orderly nitrogen-doped
graphene nanoribbons (C5N-GNRs) from rst principles calcu-
lations. By carefully evaluating the edge type (armchair and
zigzag), edge structure (single C–N, single C–C, and double C–
C), ribbon width, doping concentration, and quantum
connement effect, a simple linear relationship between the
shi-up of the Fermi level and the doping concentration is
obtained. It is found that the ordered N-doping increases the
carrier density by shiing the Fermi level to the CB region but
does not considerably impact the high carrier mobility of the
system due to the nonexistence of localized states near the
Fermi level. Hence, ultrahigh conductivities (>15G0) can be
achieved in sub-5-nanometer-wide C5N-GNRs, which calls for
an increased effort in using ordered atomic doping for band
structure engineering of carbon nanomaterials to utilize high
conductivity materials at the nanoscale.

In light of recent developments, one can believe that the
synthesis of our proposed C5N-GNRs is feasible. As an example,
Cui, et al.34 has proposed a kinetic pathway toward C5N-graphene
on Cu(111) using C5NCl5 precursors. Chen et al.43 have found that
oriented GNRs can grow in hexagonal boron nitride (h-BN)
trenches. Moreover, the GNR with ordered N-doping at the
edges is achievable via bottom-up techniques. Once C5N-
graphene is realized in experiments, C5N-GNRs can also be ob-
tained from C5N-graphene viamodern lithographically patterned
technologies, such as producing GNRs from graphene sheets.
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